RNA-seq analysis of a zebrafish tlr2 mutant shows a broad function of this Toll-like 1 receptor in transcriptional and metabolic control and defense to Mycobacterium 2 marinum infection 3 4
42]. 136
To confirm whether tlr2 mutation blocks its downstream pathway, we analyzed the gene 137 expression profiles of zebrafish treated with the TLR2 agonist, Pam3CSK4 similarly as in our 138 previous work [43] , now also including the heterozygote mutant (tlr2 +/-). Pam3CSK4 was 139 injected into the blood island of zebrafish embryos at 27 hours post fertilization (hpf). One 140 hour after injection (hpi), we collected samples and performed qPCR to analyze the 141 expression levels of CCAAT/enhancer-binding protein beta (cebpb) and FOS Like Antigen 1a 142 (fosl1a), previously shown to be specific targets of Tlr2 signaling [40] . In wild-type siblings 143 and tlr2 +/ sa19423 heterozygotes (tlr2 +/-), the expression levels of cebpb and fosl1a, as well as 144 the inflammatory gene il1b were significantly induced upon Pam3CSK4 injection, whereas 145 tlr2 -/showed no significant response ( Fig. 1b-d) . tlr2 +/animals showed a lower induction of 146 these marker genes than the wild-types, indicating that there is an effect of the tlr2 mutation 147 even in the heterozygote. To confirm that these results are specific to the Tlr2 pathway, we 148 injected flagellin, a Tlr5 agonist, into 27 hpf embryos. Flagellin induced il1b expression, but 149 not cebpb and fosl1a expression in wild-type siblings, tlr2 +/and tlr2 -/larvae ( Fig. 1e-g) . 150
Overall, these data show that tlr2 mutation specifically blocks the Tlr2 downstream pathways. 151
To determine if immune cell development was affected by tlr2 mutation, we used the double-152 transgenic line tlr2 +/+ Tg(mpeg1:mCherry-F);TgBAC(mpx:EGFP) and tlr2 -/-153 9 Tg(mpeg1:mCherry-F); TgBAC(mpx:EGFP) to count the number of macrophages and 154 neutrophils at 2 dpf. The results show that there is no significant difference in the number of 155 macrophages and neutrophils at 2 dpf between the wild type and mutant (Fig. 1j, k) . 156 157 2 Comparison of gene expression profiles of tlr2 homozygote and heterozygote mutants 158 in the absence of infection 159
In order to investigate the systemic effects of the tlr2 mutation we compared basal levels of 160 gene expression in the absence of infection between tlr2 homozygote and heterozygote 161 mutants (Fig. 2) . We chose to use the heterozygote tlr2 +/line as a control since these are 162 genetically as comparable as possible, considering the fact that random ENU mutations could 163 still contaminate our background even after 3 generations of outcrossing and the use of sibling 164 lines. To further minimize the effect of polymorphisms, we pooled 10 larvae in each of our 165 samples. These results show that there is a large group of genes that are expressed differently 166 even at extremely stringent false discovery rate (FDR) adjusted p-value of 10 -10 ( Fig. 2) . Since 167 the results of the DEseq2 analyses showed such a surprisingly large number of significant 168 differences we also used another statistical method for analyses, called edgeR, that differs in 169 normalization and estimation of the dispersion parameters [44] . EdgeR analyses confirmed 170 the statistical significance of the differences between the homozygote and heterozygote 171 mutants ( Fig. 2a and 2b ). While no differences in numbers of mpeg-positive macrophages 172 were detected (Fig. 1j, k) , the RNAseq analysis showed that the mpeg1 gene is expressed 173 approximately 2 fold higher in the tlr2 +/control than in the tlr2 -/mutant (Supplementary 174 Table 1 ). This was confirmed by pixel count measurements in the transgenic line tlr2 +/+ 175 Tg(mpeg1:mCherry-F); TgBAC(mpx:EGFP) and tlr2 -/-Tg(mpeg1:mCherry-176 F);TgBAC(mpx:EGFP) ( Fig. S1 a, b) . These results showed lower fluorescence of the 1 0 mCherry mpeg1 reporter as compared to the wild-type siblings at 2 dpf ( Fig. S1 a) whereas no 178 difference was detected for the eGFP mpx reporter (Fig. S1 b) . Therefore these in vivo results 179 confirm the RNAseq data. We also examined the expression levels of the tlr2 gene in the 180 homozygote and heterozygote mutants in the RNAseq data (Fig. S2) . The results show that, 181 although tlr2 is very lowly expressed, there is no difference in expression levels between the 182 homozygote and heterozygote mutants, indicating that there is no non-sense mediated mRNA 183 decay (NMD) . 184
To investigate whether the basal expression level differences of genes might be relevant to the 185 Tlr2 pathway, we performed GO analysis of a set of genes that were expressed differently 186 with the very low FDR adjust P value of 10 -10 (Supplementary Table 2 ). Gene ontology 187 analyses of the gene sets that differ with an FDR of 10 -10 in both analyses show that there is a 188 large enrichment of genes belonging to the GO terms related to neural development 189 (Supplementary Table 2 ). In addition, we have also analyzed differences with a fold change 190 criterion of two and FDR of 0.05. These analyses indicated that under the GO category 191 "Transcription factor genes" only two categories of genes including the c-Maf transcription 192 factor were present ( Supplementary Table 3 ). Pathway analysis shows that genes that function 193 in glucose metabolism are differentially expressed in the tlr2 homozygote versus heterozygote 194 mutant ( Fig. S3 ). 195
3 Tlr2-specific gene expression profiles after Mm infection 197
To study the role of Tlr2 in Mm infection we tested the tlr2 mutant line in comparison with 198 the heterozygote and wild-type sibling controls (Fig. 3 ). No differences in bacterial burden 199 1 5 pathways that could be involved, we observed that there was a significant effect in the GO 299 category of transcription factors, namely the c-Maf factors that totals up to 546 300 representatives that were affected (Supplementary Table 3 ). The members of the Maf family 301 of transcription factors, c-Maf and Mafb are specifically expressed in monocyte and 302 macrophage lineages [59, 60] , and in addition, c-Maf is also expressed in T helper cells [60] . 303 c-Maf was also reported to directly regulate IL-10 expression induced by LPS in macrophages 304 [61] . Double deficiency of Mafb/c-Maf promotes self-renewal of differentiated macrophages 305 [62] . We did not detect differences in macrophage numbers between tlr2 mutants and controls, 306 but it remains to be further investigated if macrophage differentiation is altered as a result of 307 Tlr2 deficiency. 308
Recently, we have shown that Tlr2 and its adaptor MyD88 are important for the response of 309 the zebrafish host to the microbiome [43] . Therefore, it is very well possible that the 310 transcriptional differences we find in the tlr2 mutant versus the controls are due to an aberrant 311 response to the microbiome. Similarly, we have found that mutation in myd88 leads to a large 312 difference in the zebrafish gene expression profile, even in the absence of pathogenic 313 infection [43] . This difference appeared to be dependent on the presence of a microbiome. In 314 future work we therefore aim to study the transcriptome response of the tlr2 mutant under 315 germfree conditions and in the presence of a microbiome under gnotobiotic conditions and 316 investigate whether the dysregulation of neural development pathways in tlr2 mutants might 317 be linked to control of the gut-brain axis [63] [64] [65] [66] [67] . Such studies could also show whether the 318 composition of the microbiome affects the progression of mycobacterial infection. 319
The analysis of differential gene expression during infection showed that there is a very 320 pronounced effect of mutation of the tlr2 gene. With respect to the number of genes affected, 321 the strongest effect was observed in genes that are down regulated during infection, since this 322 category was strongly diminished in the tlr2 mutant ( Fig. 5a, b and Fig. S4 ). This observation 1 6
suggests that Tlr2 has an important function in anti-inflammatory responses, in line with 324 previous reports of studies in mice that showed a strongly decreased anti-inflammatory 325 response in Tlr2 knockouts [68, 69] . In a further analysis of the quantitative effects on the 326 differences in expression levels of genes in both the up regulated and down regulated groups, 327 we selected a number of genes that were most significantly affected in GO analysis ( Fig. 5d , 328 e). This GO analysis showed many groups to be affected with the immune response as the 329 biggest group. We also performed GSEA and SNEA analyses ( Fig. S7 , S8, S9 and 330 Supplementary Table 4 ) showing that the tlr2 mutant has a very different immune response 331 than heterozygote controls. Furthermore, we show that many signaling pathways that have 332 been reported to be linked to tuberculosis infection in humans are differentially regulated in 333 our data set. Most significantly, activation of the Tlr8 pathway was strongly affected (Fig. S9) . 334
This evidence suggests that the Tlr2 signaling is strongly connected with Tlr8 function. TLR8 335 mutations (polymorphisms) increase susceptibility to mycobacteria in the human population 336 [70, 71] . In addition, our analysis revealed differential expression of three other interesting 337 categories of immune genes, discussed below. 338
The vitamin D receptor pathway genes that are normally up-regulated during infection in 339 zebrafish larvae were down regulated in the tlr2 mutant. Furthermore, pathway analysis (Fig. 340 S7 and S9) also implicated the expression of the Tlr8 pathway connected to vitamin D 341 signaling as being strongly affected in the tlr2 mutant. Vitamin D has been shown to be an 342 important regulatory factor during tuberculosis [72] and has been linked previously to TLR2 343 function in studies in cell cultures [73] . Therefore, aberrant vitamin D signaling could be a 344 major contributing factor to the hyper-susceptibility phenotype of tlr2 mutants in Mm 345
infection. 346
Tlr2 has been shown to be essential for the up-regulation of a group of genes that encode the 347 Diverse Immunoglobulin Domain-Containing Proteins (DICPS) (Fig. 5d ). This group is as to infection foci and showed that disruption of this axis by cxcr3.2 mutation increases the 361 resistance to mycobacterial infection [45] . Furthermore, by Fluorescence-activated cell 362 sorting (FACS) of Mm-infected cells, we recently showed that cxcl11a is a robust marker of 363 infected macrophages [46] . The infection induced expression of this chemokine is dependent 364 on Myd88, the common adaptor of the majority of Tlrs, including tlr2 [46] . In agreement, the 365 tlr2 mutant shows a significant lower expression of cxcl11aa and also of an related 366 chemokine, cxcl11ac, during Mm infection ( Fig. 4 ). Considering the large number of other 367 chemokines that are controlled by Tlr2 during infection, it is clear that the integrative network 368 of connections cannot yet be understood from these expression studies and need more detailed 369 functional analyses, e.g. by combinations of different mutations or directed studies on 370 responses to chemokines as shown by Torraca et al [45] . However, we can state that the 371 phenotype of the tlr2 mutant, at the infection level, and the level of transcriptional control 372 such as the mentioned effects on regulation of MafB/c-Maf and chemokines shows a clear Rahman et al. [77] showed that phagocytosis of bacteria and phagosome maturation are 376 impaired in the absence of TLR signaling. Therefore, the large number of unannotated genes 377 of which the expression during infection is dependent on Tlr2 is also worth studying in more 378 detail in future studies. 379
380
Conclusion 381
Our study shows that Tlr2, as a part of innate immunity, plays an important role in controlling 382 mycobacterial infection as observed on the transcriptome and infection level. This function 383 may be mediated by several mechanisms, including a general attenuation of the inflammatory 384 response, reduced mycobacterial dissemination by dampening of CXCR3-CXCL11 signaling, 385 and anti-mycobacterial effects like vitamin D signaling. Our results show that Tlr2 is a major 386
Tlr family member upstream of Myd88 that activates the CXCR3-CXCL11 signaling axis. 387
The tlr2 mutant is therefore a valuable model for further studies using published infection 388 models for other pathogens and the study of the interactions with gut microbiota in zebrafish 389 larvae. 390 391 Methods 392
Zebrafish husbandry 393
All zebrafish were handled in compliance with the local animal welfare regulations and 394 maintained according to standard protocols (zfin.org). Larvae were raised in egg water (60 1 9 g/ml Instant Ocean sea salts) at 28.5 °C. For the duration of bacterial injections, larvae were 396 kept under anesthesia in egg water containing 0.02% buffered 3-aminobenzoic acid ethyl ester 397 (Tricaine, Sigma-Aldrich, the Netherlands). The culture of zebrafish with mutations in 398 immune genes was approved by the local animal welfare committee (DEC) of the University 399 of Leiden (protocol 14198). All protocols adhered to the international guidelines specified by 400 the EU Animal Protection Directive 2010/63/EU. 401
The tlr2 sa19423 mutant line (ENU-mutagenized) was obtained from the Sanger Institute 402
Zebrafish Mutation Resource (Hinxton, Cambridge, UK) and shipped by the Zebrafish 403
Resource Center of the Karlsruhe Institute of Technology. The mutant allele was identified by 404 sequencing. Heterozygous carriers of the mutation were outcrossed three times against wild 405 type (AB strain), and were subsequently incrossed three times. Heterozygous fish of the 406 resulting family were used to produce embryos. Homozygous mutants were outcrossed to the 407 Tg(mpeg1:mCherry-F);TgBAC(mpx:EGFP) double transgenic line [78, 79] , and the offspring 408 with GFP and mCherry fluorescence were subsequently incrossed to produce the 409 Tg(mpeg1:mCherry-F);TgBAC(mpx:EGFP) line. 410
Bacterial strain preparation 411
The bacterial strain, Mycobacterium marinum m20 (Mma20) expressing mCherry fluorescent 412 protein [80] , was used in this study. For the infection to zebrafish larvae, the bacteria were 413 prepared as previously described [81] . The infection inoculum was prepared in 2% 414 polyvinylpyrrolidone40 solution (Calbiochem, the Netherlands), and 150 colony-forming 415 units (CFU) of bacteria were injected into the blood stream at 28 hours post fertilization (hpf) 416 as previously described [82] . 417
Ligands injection 418 2 0
Purified Pam3CSK4 (InvivoGen, France) and flagellin from S. typhimurium (Flagellin FliC 419 VacciGrade™, Invitrogen, France) were diluted in 1 mg/ml and 100 μ g/ml in sterile water, 420 respectively. For injection, 1 nl of the ligand solutions were injected into the blood stream at 421 28hpf. Sterile water was injected as a control experiment. Injections were performed using a 422
FemtoJet microinjector (Eppendorf, the Netherlands) equipped with a capillary glass needle. 423
Bacterial burden imaging and quantification 424
Pools of 20 larvae were collected at 3-and 4-day post infection (dpi) and imaged by using the 425 Leica MZ16FA Fluorescence Stereo Microscope (Leica Microsystems, Wetzlar Germany) 426 equipped with the DFC420C color camera (Leica Microsystems). Bacterial loads were 427 analyzed using dedicated pixel counting software as previously described [83] . 428
Confocal laser scanning microscopy imaging and image quantification 429
Larvae (2 dpf) were embedded in 1% low melting point agarose (Sigma Aldrich), and image 430 acquisition was performed by using a Leica TCS SP8 confocal microscope (Leica 431 Microsystems) with 10 times objectives (N.A. 0.4). Acquisition settings and area of imaging 432 (in the caudal vein region) were kept the same across the groups for macrophages and 433 neutrophils number counting ( Fig. 1 j, k) and pixel counting ( Fig. S1 ). Experiments were 434 performed in two independent series. Double fluorescent lines tlr2 +/+ Tg(mpeg1:mCherry-435 F);TgBAC(mpx:EGFP) and tlr2 -/-Tg(mpeg1:mCherry-F);TgBAC(mpx:EGFP) were used for 436 macrophages and neutrophils number counting. Macrophage and neutrophil cell counting was 437 either performed manually or by using the plugin Find Maxima in Fiji 438 ( http://imagej.nih.gov/ij/docs/menus/ process.html#find-maxima) ( Fig. 1 j, k) using 439 projections of the z-series. 25 individual larvae for each group were used for counting and 440 representative images are given in Fig. 1h , i. With manual counting the z-series data was 441 examined in cases when it was unclear whether the fluorescent pixels presented one or 442 2 1 multiple cells. The result of manual cell counting ( Fig. S10) is comparable with the result of 443 automated cell counting using Fiji. Pixel counting of the double transgenic lines ( Fig. 1S a, Table 5 . 454
Deep sequencing and data analysis 455
Triplicates of 10 larvae of tlr2 +/and tlr2 -/with PBS (as control) or Mma20 injection, were 456 homogenized in 300ul of TRIzol reagent, and total RNAs were purified as described above. 457
RNAseq was performed using Illumina Hi-Seq 2500 as previously described [86] . The raw 458 data is available in the NCBI GEO database under accession number GSE102766. The 459
RNAseq data were mapped on the zebrafish genome (version GRCz10) and tag counts were 460 performed by Bowtie 2 using GeneTiles software (http://www. genetiles. com) [87] . Then, we 461 performed normalization and gene expression analysis using the R package and DESeq2 [88] . 462
After statistical tests, we performed further bioinformatics analyses Gene-Set Enrichment 463
Analysis [48], Sub-Network Enrichment Analysis [49] and Pathway Enrichment Analysis 464
[89]. For creating gene networks based on common regulatory targets, we used Pathway 465 Studio 9.0 (Elsevier, Amsterdam, the Netherlands) as previously described [47] . 466 2 2
Comparison of edgeR and DEseq2: EdgeR and DEseq2 differ mainly in the aspects of 467 normalization and estimation of the dispersion parameters. Normalization in edgeR is done 468 via the trimmed mean of M values, while in DEseq2 this is done by comparing each library 469 with a virtual library based on the relative log expressions. The dispersion parameters in 470 edgeR are estimated by empirical Bayes and are therefore shrunken towards the overall mean 471 of the estimates. Dispersion in DEseq2 is estimated by taking the maximum of the individual 472 dispersions and the mean trend of the dispersions. As a consequence, edgeR tends to be more 473 sensitive to outliers, while DEseq2 is less powerful [44] . 474
Statistical analyses 475
Graphpad Prism software (Version 7.00; GraphPad Software, San Diego, CA, USA) was used 476 for statistical analysis. All experiment data are shown as mean ± SEM. In immune gene 477 expression in tlr2 +/and tlr2 -/fish lines infected with Mm ( Fig. 4) , statistical significance of 478 differences was determined by two-way ANOVA with Šidák Multiple Comparison test as a 479 post-hoc test. The other experiments were analyzed by using unpaired, two-tailed t-tests for 480 comparisons between two groups and one-way ANOVA with Tukey's multiple comparison 481 methods as a post-hoc test for comparisons between more than two groups. (ns, no significant 482 difference; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001). We thank all members of the fish facility team for fish caretaking. We would like to thank 507 Lanpeng Chen and Gerda E.M. Lamers for assistance with confocal laser scanning imaging. 508
We also thank Vincenzo Torraca for helpful discussions and the qPCR primers of cxcl11-like 509 genes. The zebrafish tlr2 mutant was obtained from the Sanger Institute Zebrafish Mutation 510
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Figure 2 Gene expression in the absence of infection between Tlr2 mutants. (a) a number 829
of down-and up-regulated genes per method (edgeR and DEseq2) and (b) a Venn diagram 830 that compares the down-, up-and non-differentially expressed genes per method at a 831 significance level of 10 -10 in the edgeR and DEseq2 analyses methods. Down-regulated means 832 that a gene is less expressed in the tlr2 +/compared to the tlr2 -/strain. 833 were infected with mCherry-labeled M. marinum strain Mma 20 at a dose of ~150 CFU by 835 caudal vein infection at 28 hpf. Representative images for bacterial pixel count in tlr2 +/+ (a), 836 tlr2 +/-(b) and tlr2 -/-(c) were taken at 4 dpi. Bacterial burden of tlr2 +/+ , tlr2 +/and tlr2 -/were 837 also quantified at 3 dpi (d) and 4 dpi (e). Bacterial burdens were quantified by using bacterial 838 fluorescence pixels. Red stars in (e) indicate the data for the representative images shown in 839 (a-c). In (d, e), data (mean ± SEM) were combined from two independent experiments. 840
Statistical significance of differences was determined by one-way ANOVA with Tukey's 841
Multiple Comparison method as a post-hoc test for comparison between more than two 842 groups (d, e). ns, non-significant; ***, P<0.001; ****, P<0.0001. 843 
